INTRODUCTION
Kinetochores bridge centromeric DNA and spindle microtubules (MTs). They contain more than 50 distinct components in budding yeast and an even larger number in multi-cellular organisms, most associated into well-defined subassemblies (De Wulf et al., 2003; Santaguida and Musacchio, 2009 ). The heterotetrameric Ndc80 complex (Ndc80c), composed of Ndc80 (Hec1 in human cells), Nuf2, Spc24, and Spc25, contacts MTs (Cheeseman et al., 2006; DeLuca et al., 2006; Janke et al., 2001; Wei et al., 2007) ; its regulated interactions, with MTs and other kinetochore subassemblies, are the ultimate targets of the elaborate set of controls known as the spindle-assembly checkpoint (SAC) (Foley and Kapoor, 2013; Musacchio, 2011) . The four Ndc80c subunits associate as two, independently stable, rod-like heterodimers (Ndc80:Nuf2 and Spc24:Spc25). The resulting complex is 600 Å in length, with a parallel, a-helical, coiled-coil shaft and globular extremities Wei et al., 2005) . The globular regions are N terminal to a long coiled-coil segment in Ndc80 and Nuf2 and C terminal to a shorter coiled-coil segment in Spc24 and Spc25 (Wei et al., 2005) . The coiled coils of the two subassemblies join end to end; both parts of the shaft therefore have the same N-to-C polarity ( Figure 1A ).
The Ndc80 and Nuf2 globular regions are calponin-homology (CH) domains-known MT-binding modules (Alushin et al., 2010; Ciferri et al., 2008; Wei et al., 2007) . A 100-residue, flexible, N-terminal segment of Ndc80 also participates in the Ndc80:MT interface (Alushin et al., 2012; Zaytsev et al., 2015) . The coiledcoil forming segments appended to the C-terminal end of each CH domain pair to form approximately two-thirds of the shaft of Ndc80c; the coiled coil of Spc24:Spc25 makes up the rest. The Spc24 and Spc25 globular regions at the C termini of each chain are Ring-WD40repeat-DEAD-box helicase (RWD) domains, a module found in several other kinetochore proteins (Corbett et al., 2010; Kim et al., 2012; Petrovic et al., 2014; Schmitzberger and Harrison, 2012) . The tightly associated RWD domains of Spc24 and Spc25 associate with the MIND (Mis12/Mtw1) complex, another conserved heterotetrameric kinetochore component.
The length of the Ndc80c shaft, measured from electron micrographs, and the lengths of the corresponding polypeptide chains, from the C termini of CH domains to the N termini of the RWD domains, are consistent with an essentially continuous, a-helical coiled coil, with only modest overlap where the two coiled coils abut-a structure we refer to here as the ''junction'' (Wei et al., 2005) . Data from crosslinking mass spectrometry and analysis of heptad repeats in the amino acid sequences of Ndc80 and Nuf2 suggest only one other specialized region between the paired CH domains of Ndc80 and Nuf2 and the paired RWD domains of Spc24 and Spc25-the ''loop,'' a 50-residue segment in Ndc80 midway between its CH domain and its C terminus (Maiolica et al., 2007) . The consequences of deleting it indicate that it interacts with the DASH-Dam1 complex (Maure et al., 2011) . Images of negatively stained or rotary-shadowed Ndc80c molecules show no obvious globular specializations along the shaft, but images of negatively stained Ndc80c do show a relatively consistent kink 160 Å from the Ndc80:Nuf2 end (Wang et al., 2008; Wei et al., 2005) .
We know the structures of both globular ends of Ndc80c from X-ray crystallographic analyses of a C-terminal fragment of the Spc24:Spc25 heterodimer (Wei et al., 2006) , an isolated Ndc80 CH domain (Wei et al., 2007) , and a ''designer protein,'' called Ndc80c bonsai , that links (through a short shaft) the globular end fuses the first 286 residues of human Ndc80(Hec1) with the last 107 residues of Spc25 and the first 169 of Nuf2 with the last 76 of Spc24. One end binds MTs with presumably native contacts (Alushin et al., 2010; Ciferri et al., 2008) ; the other end binds MIND, also with presumably native contacts (Malvezzi et al., 2013; Petrovic et al., 2014) . Why has evolution of the full-length protein never adopted a similar strategy? The four proteins function together in kinetochores, and we know of no separate role for either heterodimer, yet the Ndc80c junction is a conserved joint in all eukaryotes (Janke et al., 2001; McCleland et al., 2004; Wei et al., 2005) , suggesting some functional role beyond merely cementing the two halves of the complex together and posing the following questions. How do two a-helical coiled coils join end to end firmly and rigidly? Can we build a more complete model of Ndc80c, by interpolating between the two globular extremities and the junction in the center, with heptad pairing constrained by crosslinking data? What hypotheses might explain why Ndc80c is always a heterotetramer? To study the structure of the Ndc80c junction, we prepared constructs that remove central parts of the coiled coil in both heterodimers, preserving the heptad registers while leaving the globular ends and the tetramerization region intact. We crystallized two such shortened complexes, which differed only in the number of residues between the junction and the deletions in Spc24 and Spc25, and determined their structures at 2.8 Å resolution for the shorter complex and at lower resolution (7.5 Å ) for the longer one. The junction organizes the transition from one coiled coil to another through successive regions of fourchain overlap and three-chain overlap. The complexity of its structure and the conservation (among fungi) of particular features suggest that the Ndc80c junction interacts with additional factors that remain to be identified. In the structure of the longer of the two complexes, the junction includes the epitope for a single domain antibody (nanobody) included to assist crystallization. Thus, the exposed surface of the tetramer junction has sufficient specificity to bind a potential cellular factor. Comparison of the two shortened complexes shows a hinge between the globular heads of Ndc80:Nuf2 and the coiled-coil shaft that may facilitate successive binding and unbinding of the globular heads to MTs.
RESULTS

Shortened Ndc80c Tetramers
From published crosslinking data (Maiolica et al., 2007) and analysis of heptad repeats, we devised a strategy for excising the central shafts of Ndc80:Nuf2 and Spc24:Spc25, while keeping the register of their coiled-coils and retaining the domains at their ends ( Figure 1) . We fused the globular end of Ndc80 to a heptad C-terminal to the loop and the globular end of Nuf2 to the corresponding heptad on the apposed helix; we took a similar approach for Spc24:Spc25. We co-expressed various possible pairs of heterodimers in bacteria to ask which combinations of shortened Ndc80:Nuf2 and Spc24:Spc25 heterodimers produced stable heterotetramers ( Figure S1A ). We assayed for tetramerization and stability by gel filtration and analytical ultracentrifugation or multi-angle light scattering and confirmed by negative-stain electron microscopy that the fusion had introduced no obvious distortions (data not shown). To check our assignment of the heptad register in the coiled-coil region, we made a short version of Ndc80:Nuf2 with an alternative heptad register, also compatible with crosslinking data, in which the head of Nuf2 was fused to a heptad upstream of the equivalent heptad in Ndc80. This alternative heptad register yielded unstable products ( Figure S1 , Ndc80:Nuf2 deletant designated by D1
).
Structures of Two Shortened Ndc80 Complexes
We determined the structures of two shortened versions of the Ndc80 complex from Saccharomyces cerevisiae ( Figure 2 ). By analogy with the ''bonsai'' Ndc80 complex (Ndc80c bonsai ), we call these the ''dwarf Ndc80 complex'' (Ndc80c dwarf ) and the ''extended-dwarf Ndc80 complex'' (Ndc80c e-dwarf ), respectively. The protein compositions of the two differ from each other by only two heptads in the coiled-coil region of Scp24:Spc25. Crystals of Ndc80c dwarf gave measurable diffraction to a minimum Bragg spacing of 2.8 Å . We determined phases from singlewavelength anomalous scattering by a selenomethionine substituted complex. The asymmetric unit contained one tetramer 150 Å long ( Figure 2A) . A residual N-terminal tag on Nuf2, left over from affinity purification and tobacco etch virus (TEV) cleavage, appeared to have determined crystal packing by contacting Spc24:Spc25 of a neighboring tetramer across a crystallographic dyad. Because of our initial choice of excision points within the Spc24:Spc25 rod, a C-terminal segment of Ndc80, which extends beyond the tetramerization structure, reaches the Spc25 RWD domain. To ensure that we had not missed contacts of the C-terminal residues of Ndc80 with the Spc24:Spc25 coiled coil, we also determined the structure of Ndc80c e-dwarf , in which Scp24 and Spc25 each have two additional heptads of native sequence on the N-terminal side of the fusion ( Figure 2B ). The Ndc80:Nuf2 component of Ndc80c e-dwarf is the same as in the dwarf construct. We chose this way to extend the construct, because a disordered region immediately precedes the RWD domains of both Spc24 and Spc25 (see further discussion below) (Wei et al., 2006) . Ndc80c e-dwarf crystallized with assistance of an alpaca nanobody, isolated following immunization with the deletant combining D1 and DA constructs ( Figure S1 ). The crystals yielded measurable intensities to a minimum Bragg spacing of 7.5 Å . Failing to find a satisfactory molecular replacement solution with Ndc80c dwarf as a search model, we recorded anomalous diffraction data from crystals soaked in ethyl mercuric phosphate and potassium tetrachloroplatinate(II), from which we obtained excellent experimental maps. We adjusted the structure of Ndc80c dwarf to fit the density and built the two- heptad extension in the coiled-coil region of Scp24 and Spc25 using the constellation of mercury and platinum atoms as landmarks to guide placement of the polypeptide chains. There was continuous electron density for the tetramer in the solvent-flattened experimental maps, except for the unstructured loop in the Nuf2 head and residues 247-261 of Ndc80. We prepared a homology model of the nanobody and fit it into the map. The nanobody contacts the tetramerization region-in particular, the C-terminal helical segment of Ndc80 and the N-terminal helix of Spc24 ( Figure S2A ). Qualitative binding studies with various constructs are consistent with this interpretation (Figures S2A and S2B ), but the resolution of the map does not allow us to describe the interaction in detail ( Figure S2C ).
The globular ends and the tetramer junction in Ndc80c e-dwarf are essentially the same as in the shorter construct. As expected from the design, the contacts between Ndc80 and Spc25 seen in Ndc80c dwarf are absent in the extended structure. A kink in the heterodimeric rod leading into the RWD domains of Spc24 and Spc25 is present in both ( Figure S3A ); it is a consequence of the choice of deletion points in the two chains. The published crosslinking data were most consistent with the assumption that the heptad comprising residues 49-55 in Spc24 paired with the heptad comprising residues 32-38 in Spc25. The structure, in which formation of the junction dictated a correct pairing, showed that our assignment had added an extra six residues to Spc24; the kink that follows the fusion of N-and C-terminal heterodimeric fragments and the segment of Spc25 non-helical structure in the dwarf complex compensate for the extra residues. In the native complex, the RWD domains are likely to project axially, as in Ndc80c bonsai .
Structure of the Junction of Ndc80:Nuf2 with Spc24:Spc25
The junction, where chains from both heterodimers interact, includes both a four-chain overlap (R2) and a three-chain overlap (R3) ( Figure 3A) . Leading into the junction, Ndc80 and Nuf2 chains pair in a regular coiled coil (R1), except for an extra ''stutter'' residue at the N-terminal junction boundary. The four-chain overlap, which spans 20 residues (three heptads), is a parallel four-helix bundle with a solvent-inaccessible central axis characterized by van der Waals interactions among residues conserved in Ndc80c sequences from other budding yeast-in particular, a stack of four aromatic side chains, one from each subunit ( Figure 3B ). At its N-terminal end, the four-helix bundle extends the heterodimeric coiled-coil interaction of Ndc80 and Nuf2, with the Spc24 and Spc25 helices packed into the grooves on either side. At its C-terminal end, the axes of the Ndc80 and Nuf2 helices diverge from each other, and the rod continues as a three-chain coiled coil (Ndc80, Spc24, and Spc25), which extends approximately three heptads until the end of the Ndc80 helix.
In the middle of the junction, the Spc24 a helix breaks and then resumes with three residues spanning an interval that would, in a continuous helix, require six ( Figures 3A and 3B) . A set of interactions, conserved in both budding and fission yeast, determines this interruption of the Spc24 helical path ( Figure S3B ). In particular, a hydrogen-bonding network, reinforced by a well-packed aromatic core, links the side chains of Asp27 (Spc24), Tyr442 (Nuf2), Lys657 (Ndc80), and Gln661 (Ndc80) and the main-chain carbonyl of Asp23 (Spc24) ( Figure 3B ).
The junction is also the nanobody epitope, which includes a conserved hydrophobic patch with contributions from Spc24 Leu8 and Phe14 and from Ndc80 Ile647 and Ile650 ( Figure 3A) . Although the nanobody is an exogenous ligand, this contact illustrates that the site has characteristics typical of protein-protein interaction surfaces. Conservation of both a unique interruption of otherwise continuous a helix in all four chains and a patch of exposed hydrophobic residues suggests a functional contact point, perhaps for other kinetochore components.
We assessed contributions to stability of the junction by pairing Ndc80:Nuf2 -dwarf with N-terminally truncated versions of Spc24:Spc25 and determining tetramer formation by size exclusion chromatography ( Figure S4 ). Deleting up to 16 amino acid residues from the N terminus of Spc24 did not affect tetramer formation; deleting to residue V18 of Spc24 weakened the tetramer interface, as shown by a shoulder on the tetramer peak and presence of a peak for unbound Spc24D18:Spc25. Deleting to residue F22, in the segment that interrupts the Spc24 helix, or mutating F22 to Pro eliminated the tetramer completely.
Ndc80:Nuf2 Globular Domains
The N-terminal ''heads'' of Ndc80 and Nuf2 are both CH domains, compact clusters of six a helices 100 residues in total polypeptide-chain length (Figure 4 ). The last helix of both domains (aG in Figures 4A, 4B , S3C, and S3D) is longer than in most other CH domains and connects to the principal coiled coil of the complex directly through a sharp turn in the case of Nuf2 but with a bend at the end of aG and an intervening helical hairpin (aH and aI) in the case of Ndc80. The globular head of Ndc80c anchors it to a spindle MT. The CH domains in the yeast complex superpose well on their human counterparts ( Figures 4C and 4D) ; the characteristics of their microtubule interface are therefore likely to be similar. Comparison of the Ndc80 e-dwarf and Ndc80 dwarf structures shows that the coiled-coil rod swings by 30 with respect to the globular head ( Figures 4C, 4D , and S3E; Movie S1). The intramolecular hinge point in both molecules is at the end of aG. The Ndc80 e-dwarf and Ndc80 dwarf constructs are identical at the Ndc80:Nuf2 end; crystal packing and a ''soft'' hinge must therefore account for the swing. A cluster of aromatic residues, conserved in budding yeasts, appears to create a ''well-oiled'' fulcrum for this hinge ( Figure 4E) . A capacity to swing by at least 30 may be a functionally relevant property of the full-length complex. (A further, somewhat smaller, packing-induced bend in Ndc80c e-dwarf is at the point of fusion of the heads to the C-proximal shaft; because this response could be a property of the sequence discontinuity, the analysis here applies only to the hinge point within fully native sequence, at the C-terminal end of helix G.)
DISCUSSION
The Ndc80c dwarf and Ndc80c e-dwarf structures augment our picture of the principal axial component of a kinetochore. First, they show conserved features in the tetramer junction between Ndc80:Nuf2 and Spc24:Spc25 that suggest it does more than simply hold the two heterodimers together. Second, by giving us a direct view of the overlap and coiled-coil interaction within the junction, they allow us to infer some characteristics of the shaft segments between the new structures and those already known from crystals of the Spc24:Scp25 heterodimer and from Ncd80C bonsai . Third, they suggest a possible point of flexion where the Ndc80:Nuf2 globular regions connect with the coiled-coil shaft.
Tetramer Junction
The tetramer junction has some of the features one might expect for an end-to-end joint between two a-helical coiled coils of the See also Figure S3E and Movie S1. same polarity-particularly the way the two helical chains of one partner slide into the grooves on the surface of the helical pair in the other partner-but its structure is more elaborate than required simply to oligomerize the complex. It lacks the symmetrical regularity of the Csm1-Lrs4 monopolin complex, for example, which creates a Y-shaped joint of three helical pairs rather than an end-to-end joint of two (Corbett et al., 2010) . Three noteworthy features of the Ndc80c tetramer junction, all conserved among budding yeasts, are the non-polar surface contributing to the nanobody epitope, the aromatic side-chain stack at the center of the junction, and the network of polar contacts supporting the break in an otherwise continuous, a-helical conformation of Spc24. Sequence alignments suggest that similar features may also be present in mammalian Ndc80c.
Conservation of these structural characteristics correlates with the concentration of conserved residues in the tetramer junction. Moreover, Ndc80c is a heterotetramer in all eukaryotic species, and each of its two heterodimeric subcomplexes has essentially the same length and characteristics. The two heterodimeric components have no known independent functions, however, and the individual subunits are unstable on their own. These observations argue for recognition of the junction by some additional kinetochore-associated factor and potentially for regulation of Ndc80c assembly. The Spc24 truncation experiments also point to conserved residues on the N-terminal side of the junction that are not essential for tetramer formation but that might have a role in binding kinetochore factors. The only published candidate for an interaction partner other than known kinetochore structural components, such as Spc105 or Stu2, is Ybp2, which associates under the condition of affinity-capture assays with Ndc80, Nuf2, and Spc25, but not with Spc24, and which pulls down centromere (CEN) DNA in chromatin immunoprecipitation experiments (Ohkuni et al., 2008) . These observations suggest that Ybp2 could be an Ndc80 assembly chaperone, but there are no biochemical data from experiments with purified components.
Coiled Coil
Both sequence and mass per unit length calculations show that, except for the loop, the Ndc80:Nuf2 heterodimer is largely continuous coiled coil from the point at which the heads join the shaft to the beginning of the tetramer junction. In Nuf2, a pattern of heptads with primarily non-polar residues at positions a and d continues throughout this 298-residue length of polypeptide chain, and the paired stretch of Ndc80 has a heptad pattern of comparable extent (assuming an extruded loop). Crosslinking data from the human ortholog are consistent with colinearity of the heptad repeats (Maiolica et al., 2007) .
The Spc24:Spc25 sequences likewise show heptads extending from the junction toward the C terminus, with an evident interruption N terminal to the RWD domains. The latter observation is consistent with NMR spectra from N-terminally truncated Spc24:Scp25 heterodimers indicating unstructured backbone for residues 138-154 of Spc24 and 128-132 of Spc25 (Wei et al., 2006) . This flexible connection allows the paired RWD domains to project in variable directions from the coiled-coil shaft. The Spc24 and Spc25 deletants in Ndc80c e-dwarf exclude approximately ten heptads of coiled coil in Spc24:Spc25 as well as the unstructured region. The mammalian and yeast Spc24 and Spc25 sequences diverge substantially, preventing useful correlation with the available crosslinking data.
Hinge at the Ndc80:Nuf2 Globular Head The distinct relative orientations of the Ndc80:Nuf2 head with respect to its coiled-coil shaft, generated by different lattice contacts in our crystals of Ndc80 dwarf and Ndc80 e-dwarf , may reflect a functional role for CH domain flexion. Ndc80c appears to track along a depolymerizing microtubule because of preferential attachment to a lattice of straight rather than curved protofilaments (Alushin et al., 2010) . This postulated biased diffusion mechanism requires a local equilibrium, such that detachment of Ndc80c from the microtubule lattice allows one or more heterodimers of the underlying protofilaments to curl outward, followed by reattachment of Ndc80c to the adjacent straight zone. In budding yeast and Candida albicans, both with just one microtubule attachment per centromere (Zhang et al., 2012) , the DASH/Dam1C ring is an essential component for end-on microtubule attachment (Thakur and Sanyal, 2011) . Several lines of evidence suggest that the Ndc80 loop, at about the midpoint in the coiled-coil shaft between the Ndc80:Nuf2 head and the heterotetramer junction, attaches Ndc80c to DASH/Dam1C in yeast (Maure et al., 2011) and to the Ska complex in mammalian cells (Zhang et al., 2012) . If so, then some flexibility between the presumed anchor point on the ring and the globular head is necessary for the attachment/ reattachment cycle postulated to accompany microtubule shortening. The angular shift we see when comparing the head-shaft connection in our two crystal structures could contribute to that flexibility.
Conclusion
We draw two principal conclusions from the two structures reported here. (1) The Ndc80c tetramer junction is an elaborately specialized, end-to-end connection between two heterodimeric coiled coils with the same polarity. Successive regions of fourchain and three-chain overlap and irregular structural features with conserved amino-acid residues suggest conserved, functional interactions with other proteins, either to regulate assembly or to buttress kinetochore organization. (2) The position at which the CH-domain heads of Ndc80 and Nuf2 join the coiled-coil stalk has hinge-like characteristics. This flexibility imparts degrees of freedom likely to be required for dynamic end-on attachment during microtubule shortening and attendant sister-chromatid separation.
EXPERIMENTAL PROCEDURES
Shortened versions of Ndc80, Nuf2, Spc24, and Spc25 ( Figure S1 ) were cloned with a cleavable, N-terminal 6-His-tag. The proteins were co-expressed in Escherichia coli strain Rosetta2 (DE3) pLys (Novagen); purified by Co 2+ affinity, , iterative rounds of model building and density modification, starting with the map from single-wavelength anomalous dispersion phases (17 Se atoms), led to a model that could be refined at 2.8 Å resolution by standard methods (see Supplemental Experimental Procedures). For the Ndc80c e-dwarf structure, six Hg sites located from anomalous differences were used for single-wavelength anomalous dispersion phasing. A partial model from segments of the Ndc80c dwarf was placed in the initial map and adjusted to match the positions of cysteine residues and the Hg locations. Iterative rounds of model adjustment, density modification, and refinement led to a model that was combined with one for most of the nanobody and further refined against the X-ray data to 7.5 Å . Pt sites from anomalous difference maps confirmed the placement of methionine residues. See Supplemental Experimental Procedures for complete details of structure determination and refinement and Table S1 for data collection and refinement statistics. Nanobodies isolated from an alpaca immunized with a shortened Ndc80c construct (Ndc80D1:Nuf2D1/Spc24DA:Spc25DA; see Figure S1 ) were elicited and prepared as described in Supplemental Experimental Procedures. Association of Ndc80:Nuf2 constructs with Spc24:Spc25 constructs was assessed by analytical SEC at 4 C on Superdex-S200 Increase 10/300 GL (GE Healthcare). Samples were mixed in a 1:1 molar ratio, equilibrated at room temperature for 30 min, and injected into the column in a final volume of 200 mL. The elution buffer contained 300 mM NaCl, 30 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 7.6), and 1 mM Tris(2-carboxyethyl)phosphine (TCEP). Fractions were collected and analyzed by SDS-PAGE.
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